Mathematical and physiological models based upon observations made after administration of a dose of radioactive iodide have been used to describe thyroid function. A troublesome feature of these models has been the "volume of distribution" of radioiodide, that is, the volume occupied by nonthyroidal, nonurinary radioiodide if its concentration throughout the compartment equals that in plasma. In most such models (1-8) this volume of distribution is assumed to be constant after an initial brief period of expansion due to diffusion of radioiodide into interstitial and intracellular fluids. As a corollary to this assumption, the logarithm of the concentration of radioactivity in plasma should be a linear function of time. It has been noted frequently that actual observations made in the first few hours after radioiodide administration fail to conform to these assumptions. Some workers have chosen to begin their analyses several hours after radioiodide administration to avoid this problem (1, 9). Others (10-12) have measured the early volume of distribution empirically and used these observations for clinical and research purposes without analyzing why the volume of distribution is slow to reach a constant value.
Mathematical and physiological models based upon observations made after administration of a dose of radioactive iodide have been used to describe thyroid function. A troublesome feature of these models has been the "volume of distribution" of radioiodide, that is, the volume occupied by nonthyroidal, nonurinary radioiodide if its concentration throughout the compartment equals that in plasma. In most such models (1) (2) (3) (4) (5) (6) (7) (8) this volume of distribution is assumed to be constant after an initial brief period of expansion due to diffusion of radioiodide into interstitial and intracellular fluids. As a corollary to this assumption, the logarithm of the concentration of radioactivity in plasma should be a linear function of time. It has been noted frequently that actual observations made in the first few hours after radioiodide administration fail to conform to these assumptions. Some workers have chosen to begin their analyses several hours after radioiodide administration to avoid this problem (1, 9) . Others (10) (11) (12) have measured the early volume of distribution empirically and used these observations for clinical and research purposes without analyzing why the volume of distribution is slow to reach a constant value.
Riggs (1) suggested that concentration of iodide in the salivary and gastric secretions may account for a large part of the volume of iodide distribution, but he did not expand on this suggestion. The study to be presented in this paper is an assessment of the actual importance of the gastrointestinal radioiodide compartment and its relation to the other iodide compartments of the body. For this purpose, frequent measurements were made of radioactivity present in the thyroid, urine, plasma, and gastrointestinal pool for 3 hours * Submitted for publication June 19, 1964 ; accepted September 24, 1964. t U. S. Public Health Service postdoctoral fellow in endocrinology.
after I131 injection. The apparent expansion of the volume of distribution is delimited and explained. A mathematical model derived from the data is presented in another paper (13) .
Methods
Nine male college students, paid volunteers, were studied, each in two separate sessions, 2 weeks or more apart. All were in apparent good health and had normal thyroid function by history, physical examination, and serum protein-bound iodine.
In both sessions, a plastic nasogastric tube was passed into the stomach and kept in place throughout the experimental period. In one session, which will be referred to as the "aspiration" session, gastric contents were aspirated continuously and collected in 5-minute pools. (No attempt was made to collect saliva separately. All references to gastric contents therefore refer to pooled saliva and gastric juice.) In the alternate session, the "control" session, no gastric contents were removed, although the tube was manipulated from time to time to assure its placement in the stomach. For five subjects, the first session was a control session; for four, it was an aspiration session. In all respects except the removal of gastric contents, the two sessions were identical.
After placement of the nasogastric tube, the subject reclined on a stretcher where he remained throughout the experiment except for standing when asked to urinate. After control measurements had been made, ap- Counts of radioactivity over the neck and the thigh were made with a movable scintillation counter with crystal distance 13 cm from the skin. Care was taken to duplicate the placement of the probe for successive counts. A standard for these counts consisted of 1 ml of I' from the bottle that supplied the dose, placed in a 50-ml beaker and diluted to 25 ml with water. This standard was counted with the beaker placed on the stretcher, its top at the same position relative to the probe as that of the subject's skin. This standard was made up and counted in duplicate. All neck and thigh counts were expressed in terms of the per cent of the administered radioactivity present. "Thyroidal" radioactivity was obtained by correction of the neck counts for extrathyroidal radioactivity, utilizing plasma counts in the correction. ' 'For the correction of the thyroid counts for radioactivity from extrathyroidal structures seen by the neck probe, all radioactivity seen by the probe 2 minutes after injection of the isotope was assumed to be extrathyroidal. Two minutes was chosen as the earliest feasible time for this measurement because we have noted that earlier neck counts are erratic. As this radioactivity is primarily due to the large vessels in the neck or to tissues that rapidly diffuse iodide, it is presumed to be proportional to the plasma radioiodide level at any time early after I' injection. If N2 and Nt represent neck counts at times 2 minutes and t minutes, respectively, E2 and Et are the corresponding extrathyroidal neck radioactivity, P2 and Pt are the corresponding plasma counts, Results The data averaged for the nine subjects are presented in Table I . The range of the 3-hour values for the individual subjects was as follows in the aspiration session: cumulative gastric aspirate, 11.2 to 43.9%o; thyroidal uptake, 6.90 to 25.1%; cumulative urinary excretion, 19 .0 to 34.6%; and plasma radioiodide per liter, 1.54 to 2.46%o. In the control session, ranges were as follows: thyroidal uptake, 9.45 to 23.0; cumulative urinary excretion, 19.5 to 30.7; plasma, 2.18 to 2.97. The coefficient of variation for each time point was determined as an estimate of variation from suband Tt is actual thyroidal radioactivity, the following relations hold: 1) N2= E2, 2) E2/P2 = Et/Pt, 3) N2/P2 = Et/Pt, 4) Tt = Nt-Et, and 5) Tt = Nt-Pt (N2/P2).
Because of the difficulties in obtaining the 2-minute plasma sample, it often proved unreliable, and in a number of subjects P2 had to be established by extrapolation from the earliest smooth portion of the plasma curve. For calculations made from the pooled data of all subjects, P2 was assumed from extrapolation to be 8% of the dose per L of plasma. These extrapolated values admittedly are subject to error, but the over-all effect of this error on the analysis is small. ject to subject. The mean coefficient of variation was 12.3% for plasma, 19.1% for urine, 22 .5% for thyroid, and 78.1% for gastric aspirate. The large coefficient of variation for the gastric aspirate reflects both a wide variability between subjects and an irregularity in the rate of removal through the stomach tube. Figure 1 shows the averaged cumulative data for the thyroidal, urinary, and gastric radioiodide. Thyroidal uptake during the control session followed the pattern frequently observed in past work, in which radioactivity rises rapidly initially and the rate of rise then gradually decreases. The uptake curve flattened more rapidly in the aspiration than in the control situation, largely due to the more rapid fall in plasma radioactivity. The cumulative urinary excretion of radioiodide rises in a pattern similar to that of thyroidal uptake. Renal clearance, calculated in the same manner as for the thyroid but allowing for a 10-minute lag between removal from the plasma and voiding,2 averaged 34 ml per minute (36 ml per minute in the aspiration session and 32 ml per minute in the control session). Although the difference between these clearances is not statistically significant, the higher average renal clearance in the aspiration session accounts for the slightly higher urine curve in Figure 1 .
The curve for the accumulated gastric aspirate is complex (Figure 1 ), unlike the pattern seen for thyroidal and urinary radioiodide accumulation. By direct measurement, clearance of plasma radioiodide by gastric juice was initially low, rising to 46 ml per minute for the averaged data at about 45 minutes. Individual gastrosalivary clearances ranged from 24 to 104 ml per minute. (13) . For the averaged data, the delay between removal of radioiodide from the plasma and its appearance in the gastric aspirate was found to be 22 minutes. The clearance rate calculated from this model was 40 ml per minute. Figure 2 shows the average plasma I131 levels for the two experimental sessions (on a log scale) plotted against time. Early in both sessions, the plasma levels fell rapidly. This fall presumably corresponded to rapid equilibration with the erythrocytes and with the interstitial fluid. There was then a slower fall before the linear phase was reached after approximately 1 hour. This slower fall corresponded to distribution into what we shall refer to as the "slowly diffusible space." This space probably consists of certain intracellular areas and poorly accessible extracellular conmpartments.
In the aspiration session, in which intestinal reabsorption of the radioiodide cleared by the salivary glands and stomach was circumvented, plasma radioactivity showed a constant logarithmic fall, during the latter parts of the experiment. This reflected a constant rate of essentially irreversible removal of radioiodide by the thyroid, the kidney, and the gastrointestinal tract. That this was the case and that no other sites of removal were important are proved by the following calculation.
The straight logarithmic portion of the mean pooled aspiration session plasma curve best fits the following equation: log1, ( (13) .] The three known sites of essentially irreversible clearance, then, account for 92 ml per minute, which closely approximates the value calculated from the slope of the log plasma curve.
In the control session, the log plasma curve ini- JECT MA tially followed the same pattern as that seen in the aspiration session. At about 45 minutes, however, it rose questionably in relation to the aspiration session, and at 75 minutes the two curves definitely diverged. As the only difference between the two sessions was circumvention of intestinal reabsorption in the aspiration session, this relative rise in plasma radioactivity in the control session was presumably due to intestinal reabsorption of previously cleared radioiodide and its reintroduction into the circulation. Although the log plasma radioiodide concentration curve for the control session did not become truly linear, it is possible to calculate a reasonable regression line with the data from 90 through 180 minutes: log10 plasma = 0.606 -0.001137 (time in minutes). Calculation of the net "irreversible" distribution of plasma represented by this slope is then possible: (-0.001137/0.4343) x 20,000 = -52 ml per minute. This figure coincides with the observed sum of the thyroidal and renal clearances. The difference between it and the comparable value in the aspiration session (95 -52 = 43 24- 21 - 
18
,, 15 As was the case with the gastrosalivary clearance rate, this figure should be corrected for the drop in plasma radioactivity during the interval radioiodide has remained in the gastrointestinal tract. Calculations based on the mathematical model (13) set the average for this time lag at 57 minutes. When corrected for the drop in plasma radioactivity during this interval, the "reverse clearance" becomes 37 ml per minute. This figure compares well with the 40 ml per minute "corrected" value for gastrosalivary clearance rate. Figure 3 shows the individual pair of plasma curves for each of the nine subjects. Except for Subject R, in whose case gastric suction was apparently incomplete, the individual plasma values from the aspiration session fell logarithmically with time after 1 hour, as was seen in the averaged data. There was, however, wide variation in the timing, degree, and shape of the rise of the control curve over the aspiration curve. Analysis of these curves using the model derived from the averaged data is presented elsewhere (13) . When all of the I131 dose that cannot be accounted for by thyroidal uptake and urinary excretion is divided by the amount present in 1 L of plasma, the result is a second estimate of the "volume of distribution" (V). This is the sum of the sizes of the various compartments of radioiodide distribution, when each has been corrected for its concentration of radioiodide relative to that of plasma. In the control session of this experiment, V was calculated in the usual manner. In the aspiration session, the radioiodide removed from the stomach was also subtracted in determining the radioactivity left in the volume of distribution. The difference between these two calculations was a rough estimate of the gastrointestinal volume of distribution. The left half of Figure 4 shows the averaged figures for these two calculations, with indication of the standard error of the mean. Because each calculation of volume of distribution combined three or four data, each of which was subject to observational and random error, the resulting figure manifested an even greater error. Nevertheless, the averaged values were essentially constant at 20 L from 60 minutes to the end of the aspiration session. This constant level is taken as the equilibrium nonthyroidal, nonurinary, nongastrointestinal volume of distribution. This level for the individual subjects was found to correlate well with body weight (Figure 5) . The An indirect measure of the tissue volume of distribution that has: been used in the past is the thigh/plasma ratio (10) . In both sessions of this experiment, the curves showing the averaged data for this ratio correspond well with the curve for the volume of distribution in the aspiration session (Figure 4, right half) . This confirms the assumption that the volume measured is actually extracellular and tissue space, with no other large volumes (such as the gastrointestinal) unaccounted for. On the individual basis, however, the thigh/ plasma ratio was not so good a predictor of radioiodide space as was body weight (Table II) . Eight of the nine individual curves of volume of distribution during the aspiration session followed the pattern of the averaged data. The ninth subject showed continued increase in the volume of distribution as calculated, but his curve of thigh/ plasma ratio was stable after 60 minutes. Mathematical analysis of this subject's data (13) suggests that aspiration of gastric contents was complete but that some of the radioactivity removed escaped measurement. An increase in V would result from this error, as the denominator of the ratio (plasma radioactivity) would decrease as expected, but the numerator (radioactivity remaining in V) would not decrease as rapidly as it should. Figure 4 shows that, on the average, the total volume of radioiodide distribution in the control session became essentially constant after 90 or 120 minutes in this experiment. However, there was wide individual variation, presumably due to vagaries in the gastrointestinal radioiodide cycle, and in four subjects the volume of distribution appeared to increase throughout the experiment. Such individual variation probably explains the difference between the volumes of distribution found in this experiment and those of Myant, Corbett, Honour, and Pochin (10), who noted increasing volume of distribution up to 6 hours. The difference between the "stable" portions of the curves of volume of distribution in the two experimental sessions (24.1 -20.1 = 4.0 L) provides a rough estimate of the radioiodide volume contained in the free gastric juice and intestine at a given time during the control session. Table III summarizes the estimates obtained above from the averaged data for the nine subjects.
Discussion
It has long been known that the salivary glands and gastric mucosa secrete iodide. Studies in animals (15) (16) (17) (18) (19) (20) have confirmed the importance of a gastrointestinal iodide cycle in various species. Radioiodide concentration and clearance from the plasma into saliva and gastric juice have been measured in man by a number of authors (Table IV, references [21] [22] [23] [24] [25] [26] [27] . In view of the wide range of individual variation, there is probably no significant difference between the clearance reported here and those reported by others.
As fecal iodide excretion is negligible in man, it seems justifiable to assume that all of the secreted radioiodide is sooner or later reabsorbed by the small or large intestine. In fact, the process is probably complex. Iodide secretion is known 124 (29) .
In presenting the data from this study, we have implicitly assumed that the unmeasurable factors are small and either cancel each other or are undetectable within the limits of observational error. That this assumption is justified is shown by the close approximation of the observed constants to those that can be calculated from our model reported elsewhere (13) , and by the fact that the sum of the separately measured clearances (thyroid, renal, and gastrosalivary) accurately accounts for the plasma disappearance curve.
The quantitative data presented in this study confirm the importance of the gastrointestinal tract in the body's radioiodide economy. A significant portion of a dose of radioiodide, 11 to 44%, with a mean of 23%, was cleared by the salivary glands and gastric mucosa during the first 3 hours after intravenous injection. Pooling of radioiodide in the free gastric juice and intestine accounted, on the average, for 4 L, or 17%, of the extrathyroidal volume of radioiodide distribution. These data also show clearly that, when gastrosalivary secretions are removed by aspiration, the distribution of intravenous radioiodide is virtually complete after 1 hour. This volume of distribution was approximately 27%o of body weight of these normal, nonobese subjects. When gastric contents are left in place, however, the volume of distribution continues to increase for variable periods of time, as the gastrointestinal pool slowly approaches a balance between rate of removal of radioiodide from the plasma and rate of radioiodide return through intestinal reabsorption. The delay between these processes is dependent on gastric motility, rate of pyloric emptying, and the efficiency of intestinal reabsorption. These may vary widely from subject to subject and from time to time. Gastrosalivary clearance rate also varies from subject to subject, and experimental maneuvers might alter it in an individual subject.
When intestinal reabsorption of radioiodide was prevented by aspiration of gastric contents, the log plasma curve became linear after 1 hour. In the control session, however, there was a relative upward deviation of the plasma radioiodide levels as soon as intestinal reabsorption began. The pairs of individual plasma curves (Figure 3 ) demonstrate the wide variations in plasma radioiodide level late in the control sessions. The factors determining the shape of this portion of the curve would again include gastric motility, pyloric emptying, and intestinal reabsorption. When passage through the pylorus is delayed for any reason, the relative rise in the control curve is delayed or reduced. "Dumping" of retained gastric juices, especially if high in, specific activity, would cause a relative or even absolute rise in the control curve.
We have discussed a number of factors that might cause changes in the plasma radioiodide available for uptake by the thyroid. To detect any subtle effect of a single experimental maneuver on the thyroid by external counting, these factors 125 must be controlled. To a large degree this can be done by comparison with a control experiment on the same experimental subject or patient. However, emotional factors play an important part in determining the rate of pyloric emptying and possibly in other aspects of the gastrointestinal iodide cycle. These also must be held constant for the ideal experiment. In practice, this might be possible in part by using trained subjects who have become acclimatized to the experimental setup. Alternatively, one could use an intubation technique such as described in this paper.
Often, in an experiment the real question at issue is the effect of a maneuver on the thyroid, as reflected by a change in thyroidal clearance of radioiodide. In this case, despite the technical difficulties involved, it is best to measure the clearance directly from actual blood samples drawn simultaneously with the measurement of increment in thyroidal radioactivity. The evidence presented above suggests that any short-cut measure, in which plasma radioiodide level is assumed on the basis of other data, or in which thyroidal uptake is assumed to reflect thyroidal clearance rate, is subject to significant and unpredictable error.
Summary
The salivary-gastric-enteric cycle of radioactive iodide was studied during the first 3 hours after isotope administration in nine normal subjects. Radioiodide in the thyroid, plasma, urine, and pooled salivary-gastric secretions was measured frequently. Control sessions for each subject were identical, except that no secretions were aspirated from the gastric tube. Radioiodide recovered from the stomach averaged 23%o of that administered (range, 11 to 44%). Thyroidal clearance averaged 16 ml per minute; renal clearance, 34 ml per minute; and gastrosalivary clearance (not corrected for dead space), 46 ml per minute. When gastric contents were removed, the nonthyroidal, nonurinary volume of distribution remained constant (averaging 20.1 L or 27% of body weight) after the first hour, and plasma radioactivity declined along a simple exponential curve. The rate of this decline could be accounted for by the summed thyroidal, renal, and gastrosalivary clearance rates. In the control sessions, the increase in volume of distribution persisted longer, and in four subjects it was still evident at 180 minutes. Thigh/plasma ratio became constant after 1 hour, but was not so good a predictor of nongastrointestinal volume of distribution as was body weight. Curves of plasma radioactivity in the control sessions varied greatly among the individuals and did not follow a simple exponential function. This difference must be due to the effect of intestinal reabsorption of radioiodide previously cleared.
